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INTRODUCTION _ - - - ~  
Since  1980,  Bituminous Coat R e s e a r c h ,  I n c . ,  (BCR) has  been conduc t ing  measure- 

Th i s  
ments on the v i s c o s i t y  of w e s t e r n  U .  s. low-rank c o a l  s l a g s  under a c o n t r a c t  w i th  
t h e  Grand Forks Energy Technology Cen te r  (GFETC), U:S. Department o f  Energy. 
work has  been motivated by t h e  r e a l i z a t i o n  t h a t  I )  v e r y  few d a t a  e x i s t  i n  t h e  l i t e r -  
a t u r e  on t he  v i s c o s i t y  of low-rank-coal s l a g s ;  2 )  p u b l i s h e d  c o r r e l a t i o n s  r e l a t i n g  
s l a g  v i s c o s i t y  t o  c o a l  a sh  compos i t ion  were d e r i v e d  from work with bi tuminous-coal  
s l a g s ,  and a t t e m p t s  t o  a p p l y  them t o  d a t a  from low-rank c o a l  s l a g s  g e n e r a l l y  have 
been u n s u c c e s s f u l ;  and ,  3 )  from a p r a c t i c a l  s t a n d p o i n t ,  d a t a  on s l a g  rheology a r e  of 
c o n s i d e r a b l e  i n t e r e s t  i n  suppor t  o f  t h e  o p e r a t i o n  o f  a s t a g g i n g  fixed-bed l i g n i t e  
g a s i f i e r  a t  GFETC. As a m a t t e r  o f  r e l a t e d  i n t e r e s t ,  B C R ' s  s l a g  v i scomete r  was 
o r i g i n a l l y  put i n t o  o p e r a t i o n  i n  1976 t o  o b t a i n  d a t a  on t h e  s t a g g i n g  p r o p e r t i e s  of 
c o a l s  intended fo r  use i n  t h e  BI-GAS c o a l  g a s i f i c a t i o n  p i l o t  p l a n t  a t  Homer C i t y ,  
Pennsy lvan ia ;  t h e  BI-GAS p r o c e s s  i n c o r p o r a t e s  an en t r a ined -bed ,  s l a g g i n g  g a s i f i e r .  

F 

/ 

/I 
Although t h e  d a t a  ob ra ined  i n  t h e s e  s t u d i e s  have been v a l u a b l e  i n  i n t e r p r e t i n g  

t h e  s t a g g i n g  phenomena observed i n  t h e  Grand Forks g a s i f i e r  t e s t s ,  a more fundamen- 
t a l  o b j e c t i v e  of t h e  c u r r e n t  work is t o  deve lop  c o r r e l a t i o n s  t h a t  can  be used t o  
p r e d i c t  a p r i o r i  t h e  v i s c o s i t y  behav io r  o f  low-rank-coal s l a g s  from a knowledge of 
t h e  a sh  or s l a g  compos i t ion .  

EXPERIMENTAL 

The s l a g - v i s c o s i t y  a p p a r a t u s  was assembled f o r  BCR by The ta  I n d u s t r i e s ,  I n c .  
I t  i nc ludes  a Lindberg f u r n a c e  wi th  g l o b a r  h e a t i n g  e l emen t s  of s i l i c o n  c a r b i d e ,  
r a t e d  fo r  o p e r a t i o n  a t  t e m p e r a t u r e s  up t o  2732 F (1500 C ) .  The r o t a t i n g  bob viscom- 
e t e r  i s  a Haake RV-2 Ro tov i sco  u n i t  with a DMK 50/500 d u a l  measuring head ,  which 
a l lows  adjustment  of t o r q u e  by a f a c t o r  o f  10 ( i . e . ,  r anges  o f  0 t o  50 and 0 t o  
500g-cm).* The to rque  on t h e  v i scomete r  bob twists a s p i r a l  s p r i n g  i n s i d e  t h e  meas- 
u r i n g  head; t h e  angu la r  d i sp l acemen t  o f  t h e  s p r i n g  is p r o p o r t i o n a l  t o  s h e a r  s t regs ,  
and is converted t o  an e l e c t r i c a l  s i g n a l  t h a t  is  p l o t t e d  on an X-Y r e c o r d e r  a s  a 
f u n c t i o n  oE t h e  r o t a t i o n a l  speed of t h e  bob ( s h e a r  r a t e ) .  A mic roprocesso r  has  been 
i n c o r p o r a t e d  i n t o  t h e  o r i g i n a l  system t o  provide au tomat i c  t empera tu re  programming 
a t  t h e  r a t e  of about  I"F/min,  and s t e p w i s e  bob r o t a t i o n  from 0 t o  64 rpm i n  i nc re -  
ments  of 4 rpm. 

To s i m u l a t e  c o n d i t i o n s  e x i s t i n g  i n  t h e  s t a g g i n g  c o a l  g a s i f i e r ,  a l l  t e s t s  a r e  
c a r r i e d  o u t  i n  a r educ ing  atmosphere c o n s i s t i n g  o f  2 0  percen t  hydrogen and 

S u p e r v i s i n g  S c i e n t i s t ,  Bituminous Coal Resea rch ,  I n c .  
Manager, Applied Research,  Bituminous Coal Resea rch ,  I n c .  
P r o j e c t  Manager, Coal Sc ience ,  Grand Forks Energy Technology Cen te r  

* Reference t o  a company or product  name does no t  imply endorsement o f  t h e  product  
t o  the e x c l u s i o n  of o t h e r s  t h a t  may be s u i t a b l e .  
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80 Percen t  n i t r o g e n .  The gas mix tu re  i s  i n j e c t e d  i n t o  t h e  fu rnace  at  a f low r a t e  Of 
500 cc/min through an alumina t u b e  t h a t  ex tends  t o  w i t h i n  1 i nch  o f  t h e  t o p  o f  t h e  
sample c r u c i b l e .  

Although a plat inum/rhodium bob was employed i n i t i a l l y ,  some problems were 
encountered with a t t a c k  on t h e  bob by molten i r o n  i n  t h e  s l a g .  In a l l  o f  t h e  t e s t s  
d i scussed  h e r e i n ,  t h e  bob was f a b r i c a t e d  from 1 /2 - inch  molybdenum ba r  s t o c k ;  t h e  bob 
is  approximately I - inch  long wi th  a 30'-angle t a p e r  machined on bo th  ends .  The top 
o f  t h e  bob t e r m i n a t e s  i n  a 5/8- inch l o n g ,  1/4-inch'-diameter s h a f t  which is d r i l l e d  
and tapped to  accommodate a 118-inch- d i ame te r  x 16.5- inch long molybdenum stem. 
The bob stem i s  covered by a t u b u l a r  alumina s l e e v e  t o  minimize e r o s i o n  d u r i n g  a 
t e s t .  AS o r i g i n a l l y  des igned ,  t h e  v i scomete r  i n c o r p o r a t e d  a u n i v e r s a l  j o i n t  i n  the  
measuring head s h a f t  and a Jacobs- type chuck t o  hold t h e  bob s t e m .  However, t h i s  
arrangement a l lowed t o o  much l a t e r a L  motion of t h e ' b o b  i n  t h e  s l a g ,  and t h e  bob i s  
now a t t a c h e d  t o  t h e  measuring head by a r i g i d  s h a f t  c o n t a i n i n g  t h r e e  set screws t o  
hold t h e  stem. During a v i s c o s i t y  t e s t ,  t h e  bob is immersed u n t i l  t h e  s t a g  j u s t  
cove r s  i t s  top ;  t h e  p o s i t i o n  o f  t h e  bob can be determined a c c u r a t e l y  us ing  a depth 
gauge a t t a c h e d  t o  t h e  measuring head. 

In t h e  e a r l i e r  t e s t s ,  t h e  s l a g  was melted i n  c r u c i b l e s  o f  v i t r e o u s  ca rbon ,  
1-1/4- in .  I . D .  x 1-318-in.  h igh  (Atomergic Chemetals Co. ) .  The ca rbon  sample c r u c i -  
b l e  was con ta ined  i n  a l a r g e r  alumina guard c r u c i b l e  (1-718-in.  I . D .  x 6 - i n .  high)  
and t h e  annu la r  space  between t h e  two c r u c i b l e s  was packed wi th  60-mesh alundum. 
The use o f  carbon c r u c i b l e s  was somewhat i n f luenced  by t h e  o b s e r v a t i o n  t h a t  s l a g  
from t h e  g a s i f i e r  f r e q u e n t l y  con ta ined  p a r t i c l e s  o f  d e v o l a t i l i z e d  c o a l  ( c h a r ) ,  which 
might be involved i n  r e a c t i o n s  with t h e  molten s l a g .  It soon became e v i d e n t  t h a t  
i r o n  ox ides  i n  t h e  s l a g  were being reduced by r e a c t i o n  with t h e  carbon c r u c i b l e ,  a s  
small  poo l s  of molten i r o n  i n v a r i a b l y  s e t t l e d  from t h e  s l a g  d u r i n g  t h e  carbon-  
c r u c i b l e  t e s t s .  With c e r t a i n  c o a l  a shes  c o n t a i n i n g  compara t ive ly  h igh  amounts o f  
F e f l 3 ,  d e s t r u c t i o n  of t h e  ca rbon  c r u c i b l e  was so s e v e r e  t h a t  t h e  p o r t i o n  i n  c o n t a c t  
with t h e  s l a g  v i r t u a l l y  d i sappea red  d u r i n g  t h e  v i s c o s i t y  t e s t .  Consequen t ly ,  t h e  
carbon c r u c i b l e s  were e v e n t u a l l y  r ep laced  with h i g h - p u r i t y  a lumina c r u c i b l e s  
(McDanel Ref rac to ry  Co.) of t h e  same d imens ions .  

S ince  t h e  alumina c r u c i b l e s  were put i n t o  use ,  m e t a l l i c  i r o n  has  o n l y  r a r e l y  
been observed i n  t h e  s l a g ;  i f  formed a t  a l l ,  t h e  i r o n  u s u a l l y  t e n d s  to c l i n g  t o  t h e  
t o p  of t h e  bob a t  t h e  g a s l l i q u i d  i n t e r f a c e .  On t h e  o t h e r  hand,  v a r y i n g  degrees  o f  
a t t a c k  on t h e  alumina c r u c i b l e  by t h e  s l a g  have been obse rved .  G e n e r a l l y ,  d i s s o l u -  
t i o n  of A1203 by t h e  s l a g  has  been s l i g h t ,  but  i n  a few c a s e s  n o t i c e a b l e  t h i n n i n g  of 
t h e  c r u c i b l e  walls has  occur red .  In a d d i t i o n ,  with t h e  low-form alumina c r u c i b l e s ,  
t h e r e  was a tendency f o r  t h e  s l a g  to ove r f low t h e  sample c r u c i b l e  and s e e p  i n t o  t h e  
alundum packing.  In a few c a s e s ,  t h e  s l a g  managed to s e e p  benea th  t h e  sample c r u c i -  
b l e ,  whereupon subsequent  o u t g a s s i n g  o f  t h e  s l a g  a c t u a l l y  r a i s e d  and t i l t e d  t h e  
sample c r u c i b l e .  To a l l e v i a t e  t h i s  problem, high-form (3 - in .  h i g h )  sample c r u c i b l e s  
have been employed s i n c e  September ,  1982. 

' 

Since  m e a s u r e d ' v i s c o s i t i e s  w i l l  v a r y  depending on t h e  dimensions o f  and t h e  
m a t e r i a l s  employed fo r  t h e  sample c r u c i b l e  and t h e  r o t a t i n g  bob,  measured v a l u e s  a r e  
r e l a t e d  t o  a b s o l u t e  v i s c o s i t i e s  by means o f  an in s t rumen t  f a c t o r .  In t h e s e  s t u d i e s ,  
t h e  in s t rumen t  f a c t o r  was determined by t e s t s  w i th  NBS g l a s s  v i s c o s i t y  s t a n d a r d s  
whose v i s c o s i t i e s  are p r e c i s e l y  d e f i n e d  and similar t o  t h o s e  o f  t h e  s l a g s  over  t h e  
t empera tu re  r ange  o f  i n t e r e s t .  The in s t rumen t  f a c t o r  is r e l a t e d  to v i s c o s i t y  by the  
e q u a t i o n :  

V i s c o s i t y  = Ins t rumen t  f a c t o r  x t o rque  r e a d i n g  I bob speed (rpm) 

I n  p r e p a r a t i o n  f o r  a s l a g - v i s c o s i t y  t e s t ,  t h e  c o a l  is pu lve r i zed  t o  minus-60 
mesh and ashed i n  BhW K-3000 i n s u l a t i n g  f i r e b r i c k  d i s h e s  f o r  3 h o u r s  a t  1850 F (1010 
C) i n  a l a r g e  m u f f l e  f u r n a c e .  Th i s  higher- than-normal  a s h i n g  t empera tu re  was chosen 
a f t e r  p r e l i m i n a r y  work showed t h a t  s u f f i c i e n t  v o l a t i l e s  remained i n  t h e  a s h  prepared 
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at  t h e  s t anda rd  "ASTM tempera tu re"  o f  1382 F (750 C)* t o  cause s e v e r e  f r o t h i n g  and 
foaming du r ing  t h e  ash m e l t i n g  p r o c e s s .  This  d i f f i c u l t y  i s  s t i l l  expe r i enced  t o  
sane  e x t e n t  d u r i n g  m e l t i n g  o f  t h e  h igh - t empera tu re  ash and i s  be l i eved  due t o  decom- 
p o s i t i o n  of r e s i d u a l  s u l f a t e s  and v o l a t i l i z a t i o n  of a l k a l i - m e t a l  ox ides  i n  t h e  ash.  
The c o a l  a sh  i s  s i eved  a g a i n  a t  60 mesh t o  remove any f o r e i g n  p a r t i c l e s  of f i r e -  
b r i c k ,  then compressed i n t o  p e l l e t s  5/8-inch i n  d i ame te r  weighing about  5 grams 
each .  The ash p e l l e t s  are dropped,  one or two a t  a time, i n t o  t h e  p r e v i o u s l y  heated 
sample c r u c i b l e  through a long q u a r t z  t ube ;  a t y p i c a l  coa l - a sh  cha rge  i n  t h e  high- 
form alumina c r u c i b l e s  i s  about  60 t o  70 grams. 

V i s c o s i t y  measurements are norma l ly  commenced a t  t h e  h i g h e s t  t empera tu re  
a t  which an on - sca l e  r e a d i n g  can be ob ta ined  wi th  a bob speed o f  64 rpm. The 
t empera tu re  is t h e n  dec reased  s l o w l y  (unde r  mic roprocesso r  c o n t r o l )  and v i s c o s i t y  
measurements are t aken  a t  approx ima te ly  ha l f -hour  i n t e r v a l s .  Th i s  "coo l ing  cyc le"  
i s  cont inued u n t i l  t h e  upper l i m i t  o f  t h e  measuring head i s  approached ( t y p i c a l l y  
abou t  3000 poises**),  t hen  t h e  s l a g  i s  g r a d u a l l y  r ehea ted  t o  obse rve  changes i n  
v i s c o s i t y  du r ing  a "hea t ing  c y c l e  ." 

Following each t e s t ,  samples of  t h e  s o l i d i f i e d  s l a g  and h igh - t empera tu re  ash 
a r e  submit ted t o  GFETC f o r  compos i t iona l  a n a l y s e s  by X-ray f l u o r e s c e n c e  and X-ray r 
d i f f r a c t i o n  t e c h n i q u e s .  A Kevex Model 0700 e n e r g y  d i s p e r s i v e  X-ray spec t romete r  is  
employed f o r  X-ray f l u o r e s c e n c e  a n a l y s i s .  Samples a r e  ground t o  minus 60-mesh and 
p res sed  i n t o  a p e l l e t  u s ing  e i t h e r  c e l l u l o s e  or l i t h i u m  t e t r a b o r a t e  as a b i n d e r .  
The ins.trument is c a l i b r a t e d  u s i n g  m i x t u r e s  o f  r eagen t -g rade  o x i d e s ,  blended t o  
approximate t h e  r e l a t i v e  amounts p r e s e n t  i n  t h e  s l a g .  X-ray d i f f r a c t i o n  measure- 
ments a r e  conducted on minus 325-mesh samples u s i n g  a P h i l i p s  3600 automated X-ray 
d i f f r a c t o m e t e r .  Compound i d e n t i f i c a t i o n  i s  accomplished with t h e  a i d  o f  a computer- 
based index f i l e .  

I 

The s e l e c t i o n  of low-rank c o a l s  f o r  t h e s e  s t u d i e s  was based t o  some e x t e n t  on 
t h o s e  which had a c t u a l l y  been t e s t e d  or were c a n d i d a t e  f e e d s t o c k s  fo r  t h e  GFETC 
l i g n i t e  g a s i f i e r ;  i n  a d d i t i o n ,  an e f f o r t  was made t o  choose  samples  t h a t  would 
r e p r e s e n t  a wide r ange  of a sh  compos i t ions  and d i v e r s e  g e o g r a p h i c a l  l o c a t i o n s .  The 
c o a l s  s e l e c t e d  f o r  t h e s e  v i s c o s i t y  s t u d i e s  a r e  l i s t e d  in Tab le  I . *  

RESULTS AND DISCUSSIS 

V i s c o s i t y  can be d e f i n e d  as t h e  r e s i s t a n c e  to f low o f f e r e d  by a f l u i d  and i s  
c u s t o m a r i l y  expres sed  as t h e  r a t i o  of s h e a r  s t r e s s  t o  s h e a r  r a t e .  The most 
commonly encountered regime of v i s c o u s  f low i s  termed "Newtonian" flow, i n  which 
s h e a r  s t r e s s  is  a l i n e a r  f u n c t i o n  o f  s h e a r  r a t e  ( i . e . ,  v i s c o s i t y  is c o n s t a n t  a t  any 
g i v e n  shear r a t e ) .  For Newtonian s u b s t a n c e s ,  t h e  dependence o f  v i s c o s i t y  (q on 

* ASTM Method D 3174-73, "Ash i n  t h e  Ana lys i s  Sample of Coal and Coke." 

**Throughout t h i s  p a p e r ,  v i s c o s i t i e s  a r e  g iven  i n  t h e  more f a m i l i a r  u n i t s  o f  
p o i s e s ;  t h e  accepted S I  u n i t  f o r  v i s c o s i t y  i s  t h e  Pascal-second,  and t h e  
conve r s ion  is p o i s e s  x 0 .1  = P a - s e c .  

P In view of t h e  c o n s i d e r a b l e  within-seam o r  within-mine v a r i a b i l i t y  o f  low rank  
c o a l s ,  it should be understood t h a t  t h e s e  c o a l  samples a r e  not  n e c e s s a r i l y  
r e p r e s e n t a t i v e  of t h e  t o t a l  p roduc t ion  of a p a r t i c u l a r  mine. 
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t empera tu re  (T) i s  e x p o n e n t i a l ,  such t h a t  a p l o t  of log 17 v s .  T y i e l d s  a s t r a i g h t  
l i n e . *  Three o t h e r  regimes of nowNewtonian behav io r  a r e  l e s s  commonly encoun te red :  

I .  P s e u d o p l a s t i c  - v i s c o s i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  s h e a r  
r a t e s .  

2 .  P l a s t i c  - v i s c o s i t y  d e c r e a s e s  with i n c r e a s i n g  s h e a r  r a t e s  f o l l o w i n g  
the  appearance of an i n i t i a l  y i e l d  s t r e s s .  

TABLE 1. SAMPLES SELECTED FOR LOW-RANK COAL VISCOSITY STUDIES 

Rank L o c a t i o n  ( s t a t e )  _-_---- 
1. Ind ian  Head. 
2. Gascoyne 
3. Baukol-Noonan 
4 .  Beulah 

5 .  C o l s t r i p  
6 .  Decker 
7 .  Sarpy Creek 
8 .  Naughton 

9. Big Horn 
10. K e m e r e r  
11. Black Butte  

L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  

Sub-b i t u n  i n  ous 
Sub- b it urn i no us 
Sub-b i t uminous 
Sub-bituminous 

Sub- b i t um i n  ous 
Sub-bituminous 
Sub-bi tuminous 

North Dakota 
North Dakota 
North Dakota 
North Dakota 

Montana 
Montana 
Montana 
Montana 

Wyoming 
Wyoming 
Wyoming 

1 2 .  Emery Bituminous ( low rank)  Colorado 

13. Rockdale 
14. Mar t in  Lake 
15. Big Brown 
16. A t l a n t i c  R i c h f i e l d  

L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  

Texas 
Texas 
Texas 
Texas 

1 7 .  Burns 6 McDonnell L i g n i t e  Al.abama 

3. T h i x o t r o p i c  - v i s c o s i t y  d e c r e a s e s  wi th  i n c r e a s i n g  s h e a r  r a t e s  and w i t h  
t h e  d u r a t i o n  of t h e  a p p l i e d  shea r  s t r e s s .  

In each of t h e s e  c a s e s ,  t h e  v i s c o s i t y  v a r i e s  w i th  s h e a r  r a t e  and /o r  w i th  t h e  
pe r iod  of s h e a r ,  and t h e  r a t i o  of s h e a r  s t r e s s  to s h e a r  r a t e  is c u s t o m a r i l y  des ig -  
nated a s  “appa ren t  v i s c o s i t y . ”  

P l o t s  o f  log 17 V S .  T (OF) f o r  t h r e e  r e p r e s e n t a t i v e  low-rank c o a l  s l a g s  a r e  
shown i n  F i g u r e  1 .  Curve A f o r  t h e  Black Bu t t e  sample i l l u s t r a t e s  t h e  behav io r  of  a 

* From pure ly  physico-chemical c o n s i d e r a t i o n s ,  log 11 i s  p r o p o r t i o n a l  t o  1/T 
where T i s  in  O K .  In p r a c t i c e ,  however,  i t  i s  o f t e n  more conven ien t  t o  p l o t  
log n d i r e c t l y  v s .  t empera tu re  i n  ‘C, or ( a s  i n  t h e s e  s t u d i e s  where e n g i n e e r i n g  
conven t ions  were employed i n  t h e  d e s i g n  and o p e r a t i o n  o f  t h e  c o a l  g a s i f i e r )  i n  
O F .  
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g l a s s y ,  s i l i c e o u s - t y p e  s l a g  t h a t  e x h i b i t s  Newtonian p r o p e r t i e s  over  a wide tempera- 
t u r e  range.  In a d d i t i o n ,  t h e  v i s c o s i t y  behav io r  i s  r e v e r s i b l e  i n  t h a t  v i s c o s i t i e s  
measured d u r i n g  r e h e a t i n g  o f  t h e  s l a g  ( s o l i d  c i r c l e s )  a r e  e s s e n t i a l l y  t h e  same as  
t h o s e  determined d u r i n g  t h e  c o o l i n g  c y c l e .  The t y p e  o f  behav io r  r e p r e s e n t e d  by 
Curves B and C i s  more commonly observed fo r  low-rank c o a l  s l a g s ;  l o g  rl i s  a l i n e a r  
f u n c t i o n  of t empera tu re  down t o  some p o i n t ,  d e s i g n a t e d  as t h e  t empera tu re  o f  c r i t i -  
c a l  v i s c o s i t y ,  T ( a s  shown f o r  Curve B). Below T t h e  v i s c o s i t y  can i n c r e a s e  
q u i t e  a b r u p t l y  (&',,,e B),  o r  t h e  i n c r e a s e  may be sot%&hat more g radua l  (Curve C ) .  
Moreover,  a " h y s t e r e s i s "  e f f e c t  a p p e a r s  i n  t h e  v i s c o s i t y / t e m p e r a t u r e  c u r v e  as the  
s l a g  i s  r e h e a t e d .  Th i s  phenomenon is supposed ly  r e l a t e d  t o  t h e  slow r e d i s s o l u t i o n  
o f  c r y s t a l s ,  formed on c o o l i n g  t h e  s l a g  below Tcv . ( l )  In t h e o r y ,  t h e  v i s c o s i t y  of 
t h e  s l a g  on r e h e a t i n g  should e v e n t u a l l y  r e t u r n  t o  t h e  l i n e a r  p o r t i o n  o f  t h e  cu rve  
r e p r e s e n t i n g  t h e  f u l l y  l i q u i d  c o n d i t i o n .  However, a s  shown by F igure  I ,  t h i s  i s  not 
n e c e s s a r i l y  ach ieved  e x p e r i m e n t a l l y ,  and t h e  e x t e n t  o f  t h e  d e v i a t i o n  is be l i eved  t o  
be due to small  compos i t iona l  changes o c c u r r i n g  i n  t h e  m e l t  d u r i n g  t h e  v i s c o s i t y  
d e t e r m i n a t i o n  ( t o  be d i s c u s s e d  l a t e r ) .  Curve C i n  F i g u r e  I i n c l u d e s  d a t a  p o i n t s  for  
two s e p a r a t e  v i s c o s i t y  t e s t s  w i th  Baukol-Noonan, approx ima te ly  6 months a p a r t .  As 
shown, t h e  r e p e a t a b i l i t y  f o r  t h e  c o o l i n g  c u r v e  i s  q u i t e  good; on t h e  o t h e r  hand,  
t h e r e  i s  a marked d i f f e r e n c e  in t h e  two c u r v e s  o b t a i n e d  on r e h e a t i n g  t h e  s l a g s ,  and 
subsequent  a n a l y t i c a l  d a t a  showed s u b t l e  d i f f e r e n c e s  i n  t h e  compos i t ions  of t h e  
s l a g s  from t h e  two t e s t s .  

The s t r a i g h t - l i n e  p o r t i o n  o f  t h e  v i s c o s i t y / t e m p e r a t u r e  c u r v e  is t r a d i t i o n a l l y  
d e s i g n a t e d  as t h e  "Newtonian" r e g i o n  of s l a g  b e h a v i o r ,  wh i l e  t h e  a r e a  below TcV,,  
where s o l i d  s p e c i e s  a r e  c r y s t a l l i z i n g  from t h e  m e l t ,  i s  d e s i g n a t e d  as t h e  " p l a s t i c "  
r e g i o n .  S t r i c t l y  speak ing ,  a s l a g  c a n  r e t a i n  Newtonian p r o p e r t i e s  below T and 
t r a n s i t i o n  t o  a nowNewtonian s t a t e  can  be d e t e c t e d  o n l y  by a change i n  thEvAhape of 
t h e  s h e a r - s t r e s s  v s .  s h e a r - r a t e  c u r v e .  A s  a m a t t e r  of f a c t ,  most o f  t h e  s l a g s  
inc luded  i n  t h i s  s t u d y  a c t u a l l y  d i d  show p s e u d o p l a s t i c  o r  t h i x o t r o p i c  behav io r  a t  
t h e  h ighe r  v i s c o s i t i e s .  

Of t h e  1 7  c o a l s  l i s t e d  i n  T a b l e  1, 13 were t e s t e d  i n  carbon c r u c i b l e s  and the  
remaining fou r  were t e s t e d  us ing  alumina c r u c i b l e s .  In a d d i t i o n ,  t h e  carbon-  
c r u c i b l e  tes t  wi th  BaukoL-Noonan was r e p e a t e d ,  and s i x  o f  t h e  c o a l s  from t h e  carbon- 
c r u c i b l e  t e s t s  (B ig  Horn, Decker,  Emery, C o l s t r i p ,  Rockdale ,  and Burns 6 McDonnell) 
were a l s o  s e l e c t e d  fo r  a l u m i n a - c r u c i b l e  t e s t s .  Thus, a t o t a l  o f  24 s l a g - v i s c o s i t y  
t e s t s  provided t h e  d a t a  d i s c u s s e d  i n  t h i s  pape r .  

The compos i t ions  of t h e  s l a g s  from t h e s e  v i s c o s i t y  t e s t s  a r e  l i s t e d  i n  Tab le  2 
( compos i t iona l  d a t a  a r e  normalized t o  100 p e r c e n t ) .  A l s o  i nc luded  a r e  s e v e r a l  o t h e r  
pa rame te r s  t h a t  t r a d i t i o n a l l y  have been employed t o  c h a r a c t e r i z e  coa l - a sh  s l a g s .  It 
should be emphasized t h a t ,  u n l e s s  o t h e r w i s e  n o t e d ,  a l l  c a l c u l a t i o n s  d i s c u s s e d  h e r e i n  
were based on slag compos i t ion  d a t a  ( a s  opposed t o  ash compos i t ion  d a t a ) .  
done p r i m a r i l y  fo r  two r e a s o n s :  

This was 

I )  A s  p r e v i o u s l y  n o t e d ,  r e a c t i o n s  wi th  t h e  sample c r u c i b l e  tended t o  r e s u l t  
i n  d e p l e t i o n  o f  Fez03 ( c a r b o n - c r u c i b l e  t e s t s )  and/or  enr ichment  i n  A1203 (alumina-  
c r u c i b l e  t e s t s ) ,  so t h a t  i n  some c a s e s  t h e  compos i t ion  o f  t h e  s l a g  was s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  of t h e  o r i g i n a l  c o a l  a s h .  
t h e  s l a g  compos i t ion  d a t a  i n  Tab le  2 f o r  t h e  carbon- and a lumina -c ruc ib l e  t e s t s  with 
C o l s t r i p ,  Decker,  Big Horn, Emery, Rockdale ,  and Burns & McDonnell. 

Th i s  e f f e c t  can be seen  by comparing 

2 )  
compos i t ions  f o r  18 o f  t h e  24 v i s c o s i t y  tests,  showed t h a t  from 80 t o  100 pe rcen t  o f  
t h e  SO3 and u s u a l l y  a l l  of t h e  P2O5 ( i f  p r e s e n t  i n  t h e  a sh )  were v o l a t i l i z e d  du r ing  
m e l t i n g  O E  t h e  a s h .  Admi t t ed ly ,  P2O5 is a minor c o n s t i t u e n t ,  and l o s s e s  o f  SO3 
cou ld  be compensated f o r  by no rma l i z ing  t h e  a n a l y t i c a l  d a t a  t o  a s u l f u r - f r e e  b a s i s .  
On t h e  o t h e r  hand, i n  I 1  o u t  o f  15 i n s t a n c e s  (73 p e r c e n t )  where NapO was p r e s e n t  i n  
t h e  h igh - t empera tu re  a sh ,  i t  was v o l a t i l i z e d  i n  amounts r ang ing  from 10 t o  50 per-  
c e n t  o f  the amount a v a i l a b l e  i n  t h e  a s h .  

R e s u l t s  o f  an independent  s t u d y ,  comparing h igh - t empera tu re  ash and s l a g  

S i n c e  t h e  NapO c o n t e n t  o f  sme a s h e s  

178 



J 
N 

w cl 

3 

L 
C 

C 
!- 

e 
L 
L 

a 

r s 
E 
C 
r 
e 
v 
C 
E 
c 

4 

v: 

a 
r 

W rl 

.rl 0 

u u .. 
Lo C Y  

o m  
hi-4 

V 

e 

e m  

m 
0 rl 

.n W 

N 

U 

m m 

0 r. 

0 

N 

0 

rl 

0 

r. 
m 

N 

m 

r. 

m N 

9 
0 

U 

rl 

-! 
m 

m 

U rl 

U 

N 
U 

W 

x 
0 
I 

J 

? 
.n N 

\D rl 

N 

4 
0 10 

\D m 
0 

N 

rl 

\D 

0 

r. 

r. 

m 
U 

m 
rl 
N 

9 
0 

m 
N 

9 
rl 

N 

m 
rl 

U 

rl 
U 

4 

C 
C 

f 
rl 
0 3 

m m 

9 
m 

m m 
rl 

? 
m 
m 

N a 
0 

rl 

rl 

\D 

0 

m 
m 

U 

U 

m 
W rl 

0 

0 

r. 

4 

“1 
U 

r. 
m 
rl 

m 
m 
m 

N 

C 
C 
0 z 
4 
0 3 

m 
m 

\D 

N rl 

W 

rl 

m 

rl 

rl 10 

rl 
U 

0 

U 

0 

4 

0 

rl 

0 

m 
m 

10 

0 N 

9 
0 

m 
rl 

rl 

N 

m 
m 
N 

0 

m 
U 

a .rl 

U 

I rl 

0 V 

m 
m 

N m 
rl 

\D 

10 &I 

m 
-0 

0 

m 
0 

m 
0 

10 

m 

N 

U 

h 

m 
rl 

9 
0 

rl 

N 

m 
Lo 

0 

0 N 

U 

m m 

u 

$ 
a” 

r. 

rl rl 

4 \D 

rl 

\D 

U .n 

r. 
m 
0 

W 

0 

N 

rl 

N 

rl 

9 
U 

m 
m 
rl 

9 
0 

rl 

d 

m 
4 

U 

r. 
N 

N 

U U 

3 
W 

U 

h a 
4 v) 

m 
rl 

r. 
m 
m 

rl 

0 
m 

4 N 

0 

rl 

0 

\D 

rl 

0 

0 

10 

m 

r. 

\D 

N 

0 

m 
0 

m 
m 

m 
r. 
rl 

m 
0 
\D 

C 0 U 

.G a0 

2 

9 
N 

m 

0 

m 

m 
r? 
U 

0 

0 

r. 

? 
rl 

m 
0 

9 
m 

m 
10 

m 
\D rl 

r. 

0 

m 
rl 

2 
rl rl 

\D 

m 
N 

rl 

r. 
N 

C 

2 
bo .A 
m 

m 

m N 

m 
U 

U 

N 

rl 
r. 

m 

0 

m 

rl 

0 

10 

0 

m 
0 

r. 
r. 

m 
m rl 

0 

0 

m 
0 

m 
0 

m 
m 
rl 

.n 

In 
m 

h 
u 

I 
2 

\D 

N 

U 

N 

m 

rl 

rl r. 

\D m 

0 

9 
0 

m 
0 

9 
if 

N 

.Y 

r. 

rl rl 

9 
0 

m 
rl 

9 

m 
m 
rl 

m 
m 
rl 

W 
U Y 

3 Ea 

2 
rl 
W 

ln 
N 

m 
? 

! 

rl 

\D m 

m m 
0 

9 
N 

N 

0 

m 
N 

m 
In 

m 
\D rl 

rl 

0 

4 

4 

4 

m 

2 
rl N 

N 

0 U 

x 

I w 

m 
4 74 

m 
r. 
rl 

m 
m 
m 

U U 

0 

m 
0 

m 
0 

9 
0 

m 
m 

m 
m 
N 

0 

0 

9 

‘J 

N 

N 

9 
U N 

m 
N 
U 

0 d 

V s 

H 

v. 
m 
rl 

h 
m 
N 

rl 

- 4  m 

0 h 

0 

N 

0 

m 
0 

0 
N 

r. 

\D 

‘J 
m 
N 

rl 

0 

9 
N 

r. 
N 

W 

m rl 

ro 
0 
U 

-a rl 
W 

u .rl M u 4  

u s  c u  
22 
4 

W 

0 

0 

rl 
? 

rl 

r. 10 

U 0 

0 

m 
0 

N 

N 

0 

0 

r. 

m 

\D 

a 

9 
0 

m 
0 

r. 

N rl 

rl 

\D N 

9 
r. 
-3 

rl rl 

C 

5 
5 
C 
1 
m 

179 



180 



ranged UP t o  10 p e r c e n t ,  i t  i s  probable  t h a t  v o l a t i l i z a t i o n  o f  t h i s  c o n s t i t u e n t  
would have an eLfec t  on t h e  s l a g  v i s c o s i t y .  

The d a t a  i n  Tab le  2 i l l u s t r a t e  t h e  wide v a r i a b i l i t y  i n  c o n c e n t r a t i o n s  o f  l o r  
rank-coal s l a g  c o n s t i t u e n t s .  
where t h e  ranges i n  s l a g  compos i t ions  encoun te red  d u r i n g  t h e s e  s t u d i e s  ( T a b l e  2 )  a r e  
compared with t h e  a sh  compos i t ion  of an "average" b i tuminous  c o a l  (SOg-free 
b a s i s )  .(4) 
and a l k a l i  metal  o x i d e s  i n  t h e  low-rank c o a l  s l a g s .  

Th i s  v a r i a b i l i t y  is r e f l e c t e d  f u r t h e r  by Tab le  3,  

E s p e c i a l l y  noteworthy a r e  t h e  h i g h e r  c o n c e n t r a t i o n s  of a l k a l i n e - e a r t h  

The expe r imen ta l  v i s c o s i t y  d a t a  from t h e s e  s t u d i e s  are summarized i n  T a b l e  4 .  
The t w o  v i s c o s i t y  v a l u e s  shown f o r  each sample,  co r re spond ing  t o  s p e c i f i c  me l t  
t empera tu res ,  are s u f f i c i e n t  t o  approximate t h e  l i n e a r  ("Newtonian") p o r t i o n  o f  t h e  
log 11 vs. T c u r v e  ob ta ined  d u r i n g  t h e  c o o l i n g  c y c l e .  In a d d i t i o n ,  v a l u e s  f o r  T 
(when obse rvab le )  and ash f u s i b i l i t y  ( r e d u c i n g  atmosphere)  f o r  t h e  high-tempera€& 
a s h  (HTA) a r e  inc luded  f o r  comparison.  

S l a g  V i s c o s i t y l c o m p o s i t i o n  C o r r e l a t i o n s  

Seve ra l  a t t e m p t s  have been made i n  t h e  p a s t  to deP ine  t h e  l i n e a r  p o r t i o n  of t h e  
v i s c o s i t y / t e m p e r a t u r e  c u r v e  based on t h e  compos i t ion  o f  t h e  c o a l  a sh .  
1960's, workers a t  t h e  B r i t i s h  Coal U t i l i z a t i o n  Research A s s o c i a t i o n  (BCURA) deve l -  
oped two such c o r r e l a t i o n s  based on work wi th  B r i t i s h  (b i tuminous )  c o a l s ,  now gener-  
a l l y  r e f e r r e d  t o  as t h e  Watt-Fereday(5) and "S2" (3 )  c o r r e l a t i o n s  .* The Watt-Fereday 
c o r r e l a t i o n  is based on r e s u l t s  o f  276 d e t e r m i n a t i o n s  o f  s l a g  v i s c o s i t y  u s i n g  113 
d i f f e r e n t  ash compos i t ions  prepared by b l end ing  B r i t i s h  c o a l  a s h e s .  Unfo r tuna te ly ,  
a t t e m p t s  t o  app ly  t h i s  c o r r e l a t i o n  t o  low-rank c o a l  s l a g s ,  u s i n g  e i t h e r  ash- or 
slag-composi t ion d a t a ,  have been g e n e r a l l y  u n s u c c e s s f u l .  This  i s  i l l u s t r a t e d  by 
F i g u r e  2 ,  i n  which t h e  v i s c o s i t y / t e m p e r a t u r e  c o o l i n g  c u r v e s  f o r  t w o  Texas l i g n i t e s ,  
Big Brown and Mart in  Lake, a r e  p l o t t e d .  The co r re spond ing  Watt-Fereday c o r r e l a t i o n  
l i n e s  a r e  based on t h e  ( 7 5 0  C ASTM) ash-composi t ion d a t a .  As  i n d i c a t e d  by F igu re  2 ,  
t h e  ash compos i t ions  and ash f u s i o n  t empera tu res  o f  t h e s e  two c o a l s  a r e  v e r y  s i m i -  
lar .  However, t h e  v i s c o s i t y  p r e d i c t e d  by t h e  Watt-Fereday c o r r e l a t i o n  f o r  Big Brown 
was h ighe r  t han  t h a t  observed e x p e r i m e n t a l l y ,  wh i l e  f o r  Mart in  Lake t h e  Watt-Fereday 
e q u a t i o n  under-predic  ted t h e  a c t u a l  v i s c o s i t y  . 

In t h e  mid- 

Among t h e  p o s s i b l e  r easons  why t h e s e  p r e d i c t i v e  e q u a t i o n s  f a i l  fo r  l o r r a n k  
c o a l s  a r e  t h e  fo l lowing :  

1. Ash c o n s t i t u e n t s  may f a l l  o u t s i d e  t h e  r ange  o f  t h o s e  i n  most bi tuminous 
c o a l s  (Tab le  3 ) .  

2 .  The BCURA p r e d i c t i v e  e q u a t i o n s  a r e  based on a s h  a n a l y s e s .  A s  d i scussed  
e a r l i e r ,  s i g n i f i c a n t  l o s s e s  of c e r t a i n  e l emen t s  may occur  as t h e  a sh  from low-rank 
c o a l s  i s  heated t o  t h e  me l t ing  p o i n t .  

3. Su l fu r  r e t e n t i o n  i s  more p r e v a l e n t  i n  l o r r a n k  c o a l  a s h e s ,  due  to t h e  
g e n e r a l l y  h ighe r  ca l c ium c o n t e n t s .  Some o f  t h e  s l a g s  from t h e s e  v i s c o s i t y  s t u d i e s  
r e t a i n e d  up t o  2 p e r c e n t  SO3 (Tab le  2 ) ,  even a f t e r  be ing  hea ted  above 2600  F 
( 1 4 2 7  C) . 

4 .  In l i g n i t e s ,  some 30 t o  50 p e r c e n t  o f  t h e  ash-forming c o n s t i t u e n t s  can 
c o n s i s t  o f  c a t i o n s  a t t a c h e d  t o  t h e  o rgan ic  m a t t e r  i n  ion-exchangeable  form on ca r -  
boxyl  groups or as  c h e l a t e  complexes,  r a t h e r  t h a n  be ing  p r e s e n t  a s  d i s t i n c t  mineral-  
o g i c a l  s p e c i e s . ( 6 )  

'i 

* D e t a i l s  of t h e  v i s c o s i t y / c o m p o s i t i o n  c o r r e l a t i o n s  a r e  p re sen ted  i n  Appendix I .  
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TABLE 3 .  COMPARISON OF "AVERAGE" BITUMINOUS COAL 
ASH COMPOSITION WITH LOW-RANK-COAL SLAG COMPOSITIONS 

Range i n  
Low-Rank-Coa 1 

S l a g s  from V i s c o s i t y  S tud ies ,  
Constituent ____ U t .  Percent" 

S i02  

A1Z03 

FeZ03 

TiOZ 

CaO 

MgO 

NazO 

Kz0 

2 0 . 0  - 6 3 . 5  

1 3 . 3  - 3 6 . 7  

0 . 9  - 1 8 . 9  

0 . 6  - 2 . 3  

6 . 0  - 2 9 . 4  

2 . 5  - 8 . 2  

0.0 - 9 . 9  

0 . 1  - 2 . 0  

"Average" Bituminous 
Coal Ash 

(S03- free ) ,  
-- U t .  Percent - 

4 8 . 1  

2 4 . 9  

1 4 . 9  

1 . 1  

6 . 6  

1 . 7  

1 . 2  

1 . 5  

* .om data i n  Tat 

1 8 2  
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The Watt-Fereday e q u a t i o n  i s  approx ima te ly  a l i n e a r  e q u a t i o n  o f  t h e  form 

log  r~ = m.f(T) + c (1) 

where m is  normally p o s i t i v e  and c is n e g a t i v e .  Revised v a l u e s  f o r  t h e  s l o p e  (m’) 
and i n t e r c e p t  (c’) can be c a l c u l a t e d  based on t h e  expe r imen ta l  d a t a  f o r  t h e  l o r r a n k  
c o a l s  t o  o b t a i n  a good f i t  t o  t h e  Watt-Fereday e q u a t i o n .  However, f o r  20 o f  2 3  t e s t s  
(87 p e r c e n t )  t h e  v a l u e  o f  ma was  l a r g e r  t han  t h a t  p r e d i c t e d  by t h e  c o n v e n t i o n a l  
Watt-Fereday e q u a t i o n ;  s i m i l a r l y ,  a b s o l u t e  v a l u e s  o f  c c  were a l s o  l a r g e r  f o r  16 o f  
23 t e s t s  ( 7 0  p e r c e n t ) .  S ince  t h e  X r T e p t  i s  n e g a t i v e ,  t h e s e  t w o  e f f e c t s  should 
tend to o f f s e t  each o t h e r ,  r e s u l t i n g  i n  l i t t l e  change i n  t h e  v a l u e  o f  log n. In 
r e a l i t y ,  t h e  n e t  r e s u l t  tended t o  be a l a r g e r  v a l u e  f o r  l og  n, such t h a t  observed 
v i s c o s i t i e s  w e r e  h ighe r  t han  p r e d i c t e d  v i s c o s i t i e s  i n  18 o f  t h e  23  tes ts  ( 7 8  per- 
c e n t ) .  Thus, t h e s e  s t u d i e s  i n d i c a t e  t h a t  t h e  v i s c o s i t i e s  of low-rank c o a l  s l a g s  a r e  
g e n e r a l l y  h ighe r  t han  t h o s e  of s l a g s  d e r i v e d  from bi tuminous c o a l s .  

Attempts  were made t o  c o r r e l a t e  t h e  expe r imen ta l  v a l u e s  o f  n’ and c *  with s l a g  
composi t ion d a t a  ( T a b l e  2 )  us ing  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s .  These a t -  
tempts  were g e n e r a l l y  u n s u c c e s s f u l ,  a l t hough  f o r  t h e  c a r b o n - c r u c i b l e  t e s t s ,  t h e  
c o r r e l a t i o n  of rn’ wi th  NaZO c n n t e n t  was s i g n i f i c a n t  a t  t h e  99.5 pe rcen t  c o n f i d e n c e  
l e v e l ,  and fo r  t h e  a lumina -c ruc ib l e  t e s t s ,  Na2O was ranked second i n  c o r r e l a t i o n s  
f o r  bo th  m’ and c c  ( even  though not s t a t i s t i c a l l y  s i g n i f i c a n t ) .  These f i n d i n g s  
sugges t  t h a t  t h e  r o l e  of N a Z O  i n  low-rank-coal  s l a g s  may be more impor t an t  t h a n  
p rev ious ly  r e a l i z e d .  

Other  combinat ions of v a r i a b l e s ,  i n c l u d i n g  t h o s e  l i s t e d  i n  T a b l e  2 ,  were 
employed i n  e f f o r t s  t o  d e r i v e  e m p i r i c a l  c o r r e l a t i o n s  with s l a g  v i s c o s i t y ,  b u t  a g a i n  
without  much s u c c e s s .  In a d d i t i o n ,  t h e  BCURA S2 c o r r e l a t i o n ( 3 )  and a modif ied form 
of t h e  Watt-Fereday c o r r e l a t i o n  developed a t  t h e  N a t i o n a l  Bureau o f  S t a n d a r d s ( 7 )  
were t e s t e d .  Of t h e  23 v i s c o s i t y  tes ts  f o r  which s l a g  compos i t ion  d a t a  a r e  a v a i l -  
a b l e ,  t h e  NBS c o r r e l a t i o n  gave a good f i t  t o  t h e  expe r imen ta l  d a t a  i n  only two 
c a s e s ,  wh i l e  t h e  S2 c o r r e l a t i o n  a p p l i e d  i n  o n l y  one c a s e .  
c a l c u l a t i o n s  gave h i g h e r  v i s c o s i t i e s  t han  t h o s e  p r e d i c t e d  Erom t h e  conven t iona l  
Watt-Fereday t r e a t m e n t ;  t h e  S2 v a l u e s  were l a r g e r  fo r  22 (96  p e r c e n t )  o f  t h e  23 
t e s t s ,  and t h e  NBS v a l u e s  were l a r g e r  f o r  19 ( 8 3  p e r c e n t )  of t h e  t e s t s .  On t h e  
o t h e r  hand, a l l  t h r e e  c o r r e l a t i o n s  had a t endency  t o  u n d e r e s t i m a t e  t h e  s l a g  v i scos -  
i t y ,  a s  observed v i s c o s i t i e s  were g r e a t e r  t han  t h o s e  e s t i m a t e d  by any o f  t h e  t h r e e  
p r e d i c t i v e  methods i n  14 (61 p e r c e n t )  of t h e  t e s t s .  Consequen t ly ,  w e  conc lude  t h a t  
t h e  BCURA methods ( o r  t h e  NBS m o d i f i c a t i o n  t h e r e o f )  a r e  g e n e r a l l y  u n s a t i s f a c t o r y  fo r  
e s t i m a t i n g  t h e  v i s c o s i t i e s  of low-rank c o a l  s l a g s .  

G e n e r a l l y ,  t h e  NBS and S 2  

More r e c e n t l y ,  two c o r r e l a t i o n s  have appeared i n  t h e  l i t e r a t u r e  t h a t  were 
developed i n  France in s t u d i e s  with m e t a l l u r g i c a l  ( s t e e l  making) s l a g s :  t h e  IRSID 
c o r r e l a t i o n ,  pub l i shed  by Riboud e t  a 1 . , ( 8 )  and t h e  Urbain c o r r e l a t i o n . ( 9 )  These two 
c o r r e l a t i o n s  a r e  c o n c e p t u a l l y  more a p p e a l i n g  because:  

* Unlike t h e  BCURA c o r r e l a t i o n s ,  which a r e  based on t h e  Ar rhen ius  form of 
t h e  v i s c o s i t y  e q u a t i o n  

n = A exp(E/RT), ( 2 )  

t h e  IRSID and Urbain c o r r e l a t i o n s  a r e  based on t h e  Frenkel  r e l a t i o n  

n = AT exp(B/T) ( 3 )  

which, acco rd ing  t o  t h e  a u t h o r s ,  is t h e  p r e f e r r e d  form. 

A l l  s l a g  c o n s t i t u e n t s  a r e  i n c l u d e d ,  r a t h e r  t h a n  j u s t  t h e  f i v e  major - 
o x i d e s .  
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Slag  c o n s t i t u e n t s  a r e  expres sed  as mole f r a c t i o n s  i n s t e a d  o f  weight per- 
cen tages .  

. The Urbain c o r r e l a t i o n  is based on t h e  Si02-Al203-CaO pseudo t e r n a r y  phase 
diagram, and t h e s e  t h r e e  c o n s t i t u e n t s  u s u a l l y  predominate  i n  low-rank c o a l  s l a g s .  

However, t h e r e  i s  a s l i g h t  c o m p l i c a t i o n  i n  t h a t  t h e s e  c o r r e l a t i o n s  assume the 
o x i d a t i o n  s t a t e  o f  i r o n  i n  t h e  s l a g  is known. S i n c e  t h i s  i n f o r m a t i o n  is no t  cu r -  
r e n t l y  a v a i l a b l e  f o r  t h e  low-rank-coal s l a g s ,  and because  a l l  tes ts  were i n  a re- 
d u c i n g  atmosphere,  f o r  c o m p u t a t i o n a l  purposes  i t  was t e n t a t i v e l y  assumed t h a t  a l l  
i r o n  was i n  t h e  form of FeO.* 

O n  t h i s  b a s i s ,  t h e  IRSID c o r r e l a t i o n  gave a r easonab ly  good f i t  t o  t h e  experi-  
men ta l  d a t a  ( w i t h i n  20 p e r c e n t )  f o r  t h r e e  o f  t h e  23 v i s c o s i t y  t e s t s .  Unlike t h e  
BCUW c o r r e l a t i o n s ,  which tended t o  g i v e  c o n s i s t e n t l y  low r e s u l t s ,  t h e  error i n  the  
IRSID c o r r e l a t i o n  tended t o  be random; p red ic t ed  v i s c o s i t i e s  were too  h igh  i n  11 
c a s e s  and too  low i n  n i n e  c a s e s .  

The Urbain c o r r e l a t i o n  was a c c e p t a b l e  f o r  s i x  t e s t s ,  t o o  h i g h  i n  seven in- 
s t a n c e s ,  and too low i n  10 i n s t a n c e s .  Furthermore,  even though t h e  Urbain c o r r e -  
l a t i o n  was u n s a t i s f a c t o r y  f o r  17 t e s t s ,  compared with t h e  IRSID c o r r e l a t i o n ,  t h e  
p red ic t ed  v i s c o s i t i e s  were c l o s e r  to t h e  a c t u a l  v a l u e s  i n  10 i n s t a n c e s .  o f  a l l  t h e  
c o r r e l a t i o n s  t e s t e d  ( i n c l u d i n g  t h e  BCURA c o r r e l a t i o n s ) ,  t h e  Urbain c o r r e l a t i r w a s  
judged to g i v e  t h e  c l o s e s t  agreement  t o  the  a c t u a l  v i s c o s i t i e s  i n  seven of t h e  23 
tes ts ;  among t h e  remaining 1 6  t es t s ,  t h e  Urbain c o r r e l a t i o n  was judged second-best  
f o r  n ine .  I 

Since t h e  Urbain method appea red  t o  g i v e  a fair- to-good c o r r e l a t i o n  f o r  n e a r l y  I 

I two-thirds  of t h e  v i s c o s i t y  tes ts ,  e f f o r t s  were d i r e c t e d  toward modifying t h i s  
procedure wi th  t h e  goal of o p t i m i z i n g  t h e  f i t  t o  t h e  expe r imen ta l  d a t a .  The loga- 
r i t h m i c  form o f  t h e  Urbain e q u a t i o n  i s  

i I n  rl = In A + In T + 1 0 3 ~ 1 ~  ( T  i n  OK) ( 4 )  

where B is a pa rame te r  d e f i n e d  by t h e  composi t ion o f  t h e  s l a g  and A is a f u n c t i o n  o f  
B. The equa t ion  can  be " fo rced"  t o  f i t  t h e  expe r imen ta l  d a t a  by adding a f o u r t h  
term 

I n  rl = l n  A + In T + 1 0 3 ~ 1 ~  + A ( 5 )  

where A is t h e  d i f f e r e n c e  ( e i t h e r  p o s i t i v e  o r  n e g a t i v e )  between t h e  a c t u a l  and 
computed ( b y  e q u a t i o n  4 )  v a l u e s  o f  I n  0. 
a t u r e  above TcV, A w i l l  a l s o  be a linea: f u n c t i o n  of t empera tu re :  

S ince  I n  rl is a l i n e a r  f u n c t i o n  o f  temper- 

A = mT ( O K )  + b ( 6 )  

Thus, for each s l a g ,  v a l u e s  f o r  m and b can be d e r i v e d  from t h e  expe r imen ta l  v i s -  
c o s i t y  da t a  which un ique ly  d e f i n e  t h e  l i n e a r  p o r t i o n  o f  t h e  v i s c o s i t y l t e m p e r a t u r e  
c u r v e  by means of e q u a t i o n  5. The p rocess  then  becomes one of c o r r e l a t i n g  t h e  
v a r i a b l e s  m and b wi th  some p a r t i c u l a r  p rope r ty  o f  t h e  s l a g .  

It was found t h a t ,  t o  a f i r s t  app rox ima t ion ,  b could be c o r r e l a t e d  with m by 
means of t h e  e x p r e s s i o n  

b = -1 .6870(103m) + 0 .2343  (7) 

* Some very l i m i t e d  d a t a  from W s s b a u e r  spec t roscopy  a n a l y s i s  i n d i c a t e  t h e  
presence of f e r r o u s  s i l i c a t e  phases  i n  t h e  slags. I n  c a s e s  where m e t a l l i c  
i r o n  was formed as a s e p a r a t e  p h a s e ,  i t  was normalLy removed beEore t h e  
s l a g  sample was s u b j e c t e d  t o  X-ray a n a l y s i s .  
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with a c o r r e l a t i o n  c o e f f i c i e n t  R = -0.988 f o r  a l l  23 v i s c o s i t y  t e s t s .  The p rocess  
was then  reduced t o  f i n d i n g  a c o r r e l a t i o n  f o r  t h e  v a r i a b l e  m. U n f o r t u n a t e l y ,  how- 
e v e r ,  a l t hough  a number of such c o r r e l a t i o n s  were a t t empted  based on i n d i v i d u a l  s l a g  
c o n s t i t u e n t s  and combinat ions t h e r e o f ,  no s i n g l e  c o r r e l a t i o n  was found t h a t  s a t i s -  
f i e d  t h e  d a t a  from a l l  t h e  v i s c o s i t y  t e s t s .  

AS a f u r t h e r  r e f i n e m e n t ,  t h e  s l a g s  were subd iv ided  i n t o  t h r e e  groups based o n  
t h e  magnitude o f  t h e  parameter  B i n  t h e  Urbain e q u a t i o n  ( e q u a t i o n  4 ) .  The magnitude 
Of t h i s  parameter  i s  r e l a t e d  t o  t h e  Loca t ion  o f  t h e  s l a g  compos i t ion  i n  t h e  
SiO2-Atp03-CaO t e r n a r y  phase diagram, and i t  i s  p r o p o r t i o n a l  t o  t h e  s i l i c a  c o n t e n t  
o f  t h e  s l a g .  Thus, with c e r t a i n  b o r d e r l i n e  c a s e s ,  t h e  t h r e e  subgroups correspond 
roughly t o  " h i g h - s i l i c a  ," " i n t e r m e d i a t e - s i l i c a  ," and " low-s i l i ca"  s l a g s .  

The " h i g h - s i l i c a "  group inc luded  t h e  f i v e  tes ts  wi th  Naughton, Burns 6 
McDonnell, Black B u t t e ,  and Kemmerer (B>28),  and a f a i r  c o r r e l a t i o n  ( R  = -0.971) Was 
found f o r  m of t h e  form 

IO3, = -1.72fi4F + 8.4404 (8)  

where F = SiOp/(CaO + MgO + NaZO + K 2 0 )  and s l a g  components a r e  i n  mole f r a c t i o n s .  
With t h i s  c o r r e l a t i o n ,  c a l c u l a t e d  v i s c o s i t i e s  were w i t h i n  10 p e r c e n t  ( v e r y  good) O f  
a c t u a l  v i s c o s i t i e s  f o r  one t e s t ,  w i t h i n  30 p e r c e n t  ( a c c e p t a b l e )  f o r  two o t h e r  t e s t s ,  
and w i t h i n  60 p e r c e n t  ( m a r g i n a l l y  a c c e p t a b l e )  f o r  t h e  4 t h  of f i v e  t e s t s .  S i m i l a r l y ,  
fo r  t h e  " i n t e r m e d i a t e - s i l i c a "  s l a g s  ( C o t s t r i p ,  Rockdale ,  Emery, Sarpy Creek,  and 
Mart in  Lake; B = 24 t o  2 8 ) ,  an  e x p r e s s i o n  s i m i l a r  t o  e q u a t i o n  8 was found. 
c a s e ,  however, t h e  c o r r e l a t i n g  v a r i a b l e  (F )  appeared t o  be t h e  product  o f  t h e  Urbain 
parameter  B t imes t h e  sum o f  t h e  mole f r a c t i o n s  o f  A1203 and FeO. For t h e  e i g h t  
v i s c o s i t y  t e s t s  i n  t h i s  group,  t he  modif ied c o r r e l a t i o n  was v e r y  good fo r  t w o ,  
a c c e p t a b l e  f o r  two o t h e r s ,  and m a r g i n a l l y  a c c e p t a b l e  f o r  two more. For t h e  "low- 
s i l i c a "  s l a g s  (Gascoyne, Baukol-Noonan, I n d i a n  Head, Big Horn, Decker,  A t l a n t i c  
R i c h f i e l d ,  and Beulah; B < 2 4 ) ,  t h e  c o r r e l a t i n g  v a r i a b l e  chosen was CaO/(CaO + MgO + 
NaZO + Kz0) (mole f r a c t i o n s ) ,  a l t hough  t h e  c o r r e l a t i o n  was l e s s  s a t i s f a c t o r y ,  be ing  
ve ry  good f o r  two t e s t s ,  a c c e p t a b l e  f o r  two o t h e r s ,  and m a r g i n a l l y  a c c e p t a b l e  f o r  
two more, ou t  o f  10 t e s t s .  The e q u a t i o n s  developed f o r  t h e  mod i f i ed  Urbain c o r r e -  
l a t i o n s  a r e  summarized below, and v i s c o s i t i e s  c a l c u l a t e d  u s i n g  t h e  v a r i o u s  c o r r e l a -  
t i o n s  a r e  compared with measured v i s c o s i t i e s  in Tab le  5.  

H igh-S i l i ca  S l a g s :  

In t h i s  

b = -1.7137(103m) + 0.0509 (R = -0.990 f o r  5 o f  5 d a t a  p o i n t s )  

103m = -1.72641 + 8.4404 (R = -0.971 f o r  5 o f  5 d a t a  p o i n t s )  

where F = SiOp/(CaO + MgO + N a z O  + KpO), moLe f r a c t i o n s .  

I n t e r m e d i a t e - S i l i c a  S l a g s :  

b = -2.0356(103m) + 1.1094 (R = -0.998 f o r  7 of 8 d a t a  p o i n t s )  

103m = -1.3101F' + 9.9279 (R = -0.982 f o r  5 o f  8 d a t a  p o i n t s )  

where F' = B(eqn. 4 )  x (Alp03 + FeO) 
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Low-Sil ica  S l a g s :  

b = -1.8244(103m) + 0.9416 (R = -0.999 f o r  6 of  10 d a t a  p o i n t s )  

103m = -55.3649F" + 37.9186 (R = -0.970 f o r  7 of 10 d a t a  p o i n t s )  

where F" = CaO/(CaO + MgO + Na2O + K p O ) ,  mole f r a c t i o n s .  

The n a t u r e  o f  t h e  "F" terms i n  t h e  modif ied Urbain c o r r e l a t i o n s  is of i n t e r e s t .  
Urbain c a t e g o r i z e s  t h e  c o n s t i t u e n t s  o f  s i l i c a t e  me l t s  as " g l a s s  formers" (SiOp,  
P205) ,  "modif iers"  (CaO, MgO, Na20, Kp0) and "amphoter ics"  (AlpO3, Fe2O3) which can 
a c t  e i t h e r  a s  g l a s s  fo rmers  or m o d i f i e r s .  The c o r r e l a t i n g  t e r n  f o r  h i g h - s i l i c a  
s l a g s  is t h e  r a t i o  o f  S i02  t o  m o d i f i e r s ,  s u g g e s t i n g  t h a t ,  for t h e s e  s l a g s ,  t h e  
s i l i c a  c o n t e n t  of t h e  s l a g  is  t h e  dominat ing f a c t o r .  On t h e  o t h e r  hand,  fo r  low- 
s i l i c a  s l a g s  t h e  c o r r e l a t i n g  term is t h e  r a t i o  of CaO t o  m o d i f i e r s ,  which impl i e s  
t h a t  t h e  amount of CaO r e l a t i v e  t o  t o t a l  m o d i f i e r s  i n  t h e  s l a g  i s  a c r i t i c a l  f a c t o r .  
For i n t e r m e d i a t e - s i l i c a  s l a g s ,  t h e  c o r r e l a t i n g  term i n v o l v e s  t h e  "ampho te r i c s , "  
s u g g e s t i n g  t h a t  t h e  r o l e  o f  these c o n s t i t u e n t s  becomes more important  when t h e  
n a t u r e  of t h e  s l a g  canno t  be well d e f i n e d  by i ts  s i l i c a  c o n t e n t .  

SUMMARY AND FUTURE WORK --- 
Data from 23 low-rank c o a l  s l a g  v i s c o s i t y  d e t e r m i n a t i o n s  have  been employed i n  

a t t e m p t s  t o  c o r r e l a t e  t h e  l i n e a r  p o r t i o n  of t h e  log v i s c o s i t y  v s .  t empera tu re  curve 
wi th  f i v e  publ ished e m p i r i c a l  c o r r e l a t i o n s  fo r  s i l i c a t e  s l a g s .  Of t h e s e  f i v e  co r re -  
l a t i o n s ,  one developed by Urbain fo r  m e t a l l u r g i c a l  s l a g s  appeared to g i v e  a reason- 
a b l e  f i t  t o  t h e  expe r imen ta l  d a t a  f o r  n e a r l y  two- th i rds  o f  t h e  v i s c o s i t y  t e s t s .  
When t h e  s l a g s  were subd iv ided  i n t o  t h r e e  g roups ,  based on a parameter  o f  t h e  Urbain 
e q u a t i o n  t h a t  is  roughly p r o p o r t i o n a l  t o  s i l i c a  c o n t e n t ,  it was p o s s i b l e  t o  d e r i v e  
modiEied forms o f  t h e  Urbain e q u a t i o n  t h a t  gave a c c e p t a b l e  c o r r e l a t i o n s  ( w i t h i n  30 
p e r c e n t )  f o r  I1 of  t h e  v i s c o s i t y  t e s t s .  Of t h e  r ema in ing  12 t e s t s ,  t h e  modif ied 
c o r r e l a t i o n s  were m a r g i n a l l y  a c c e p t a b l e  ( w i t h i n  6 0  p e r c e n t )  i n  f i v e  c a s e s .  

E f f o r t s  a r e  s t i l l  be ing  made t o  r e f i n e  t h e s e  e m p i r i c a l  c o r r e l a t i o n s  and, i n  
p a r t i c u l a r ,  t o  unde r s t and  t h e  r e a s o n s  why c e r t a i n  s l a g s  f a i l  to f i t  t h e  c o r r e l a -  
t i o n s .  The u l t i m a t e  o b j e c t i v e  i s  t o  i n t e r p r e t  s l a g  r h e o l o g i c a l  behav io r  i n  terms o f  
s p e c i f i c  phases p r e s e n t  i n  t h e  s l a g ,  t o  t h e  e x t e n t  t h a t  such phases  can be i d e n t i -  
f i e d  and q u a n t i f i e d .  
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Appendix 1 .  S l a g  V i s c o s i t y / C o m p o s i t i o n  C o r r e l a t i o n s  

A .  Watt-Fereday C o r r e l a t i o n  -_-- __ 
log n = [107m/( t  - 150)'l + c 

where 1 1  = v i s c o s i t y  i n  p o i s e s  

t = t e m p e r a t u r e ,  'c 
m = 0.00835 SiOz + 0.00601 AI 203 - 0.109 

c = 0.0415 S i 0 2  + 0.0192 A1203 + 0.0276 e q .  Fez03 

+ 0.0160 CaO - 3.92 

eq .  F e 9 3  = Fe203 + 1.11  FeO + 1.43 Fe 

where s lag  components a r e  expressed  in weight p e r c e n t a g e s  

and ,  on a weight b a s i s ,  

X S i 0 2  + A1 $ 3  + F e f l 3  + CaO + MgO = 100% 

I 
8 .  NBS-Modified Watt-Fereday C o r r e l a t i o n  

i 
The e q u a t i o n  for  log n and u n i t s  are i d e n t i c a l  t o  t h o s e  above, except  t h a t  

m = 0.0104291 S i 0 2  + 0.0100297 A1203 - 0.296285 

and c = -0.0154148 S i 0 2  - 0.0388047 A1203 - 0.016167 Fe200g 

-0.0089096 CaO - 0.012932 MgO + 1.04678 

Log r\ = 4.468 (S /100)2  + 1.265 ( 1 0 4 / T )  - 7.44 

where II = v i s c o s i t y  i n  p o i s e s  

T = t e m p e r a t u r e ,  O K  

and S = s i l i c a  r a t i o  = 100 SiO2/(SiO;! + eq .  Fez03 + CaO + MgO) 

(slag components e x p r e s s e d  i n  weight p e r c e n t a g e s )  

D .  IRSID C o r r e l a t i o n  

n = AT exp(B/T) 

or  I n  q = In A + l n  T + BIT 
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G 

where 17 = v i s c o s i t y  i n  Pa ' s  ( m u l t i p l y  by 10 t o  conve r t  t o  p o i s e s )  

T = t e m p e r a t u r e ,  'K 

I n  A = -19.81 + 1.73 (CaO + MnO + MgO + FeO) + 5.82 CaF2 

+ 7.02  ( N a p  + K $ )  - 35.76 At203 

and B = 31,140 - 23,896 (CaO + MnO + MgO + FeO) - 46,356 CaF2 

- 39,519 ( N a p  + K f l )  + 68,833 A1203 

S lag  components a r e  expres sed  a s  mole f r a c t i o n s ;  f o r  c o a l  ash s l a g s ,  CaF and 

MnO can be cons ide red  a s  ze ro .  
2 

E .  Urbain C o r r e l a t i o n  

rl = AT exp(103B/T) 

or In = I n  A + I n  T + ~ O ~ B / T  

where 11 = v i s c o s i t y  i n  po i ses  

T = t empera tu re ,  'K 

I n  A = - (0 .2693 B + 11.6725) 

and B = B o  + B1N + B 2 N 2  + B3N3 

where N = mole f r a c t i o n  o f  S i 0 2  

and B o  = 13.8 + 3 9 . 9 3 5 5 ~  - 44 .049a2  

B 1  = 30.481 - 117.1505a + 1 2 9 . 9 9 7 8 ~ ~  

B p  = -40.9429 + 234.0486a - 300.04a2 

B3 = 60.7619 - 153.9276~1 + 211.1616a2 

where u = CaO/(CaO + A 1  $ 3 )  

Slag  components a r e  expres sed  a s  mole f r a c t i o n s .  When o t h e r  minor s l a g  com- 

ponents  ( m o d i f i e r s )  a r e  p r e s e n t ,  t h e s e  a r e  inc luded  by r e d e f i n i n g  a 

ac  = M / ( M  + ~l 9 3 )  

where M r e p r e s e n t s  t h e  m o d i f i e r s  a s  a s i n g l e  mote f r a c t i o n  and is  d e f i n e d  a s  M 

= L M.L.  where M . ' s  a r e  t h e  i n d i v i d u a l  mole f r a c t i o n s  and L .  i s  t h e  number of 

oxygen atoms i n  t h e  molecule .  Thus,  for t h e  s l a g s  cons ide red  i n  t h e s e  s t u d i e s  

c o n t a i n i n g  CaO, MgO, Na$, K f l ,  FeO, T i O 2 ,  and ( o c c a s i o n a l l y )  SO3, 

1 1  

M = CaO + MgO + N a p  + K&I + FeO + 2 T i 0 2  + 3 S O 3  

( a g a i n ,  a l l  components expressed a s  mole f r a c t i o n s ) .  
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SPARENT VISCUSITY (n), POISES 

A. BLACK BUTTE 
(Wyoming Sub-Bituminous) 

A 

MELT TEMPERATURE, OF 

BCR 8058G 

Figure 1. Representative Slag Viscosity Curves f o r  Three Western U . S .  
Low-Rank Coals 
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2. 

ASH COMPOSITION, WT. PERCENT 

BIG BROWN MARTIN LAKE 

Si02 40.6 38.6 . 
Alp03 14.5 13.6 
FepO3 7.9 9.1 
Ti02 1.2 1.1 
CaO 13.2 11.3 
M%O 3.8 4.6 
Na2 0 0.6 2.1 
K 2 0  0.7 0.8 
so3 16.8 18.1 

ASH FUSIBILITY, F 

I . D .  2080 2100 
S.T. 2120 2140 
F.T. 2180 2200 

1 1 -  
~~ 

1 23b0 24b0 25b0 2600 2700 

MELT TEMPERATURE, F 
BCR 8058G2 

Figure 2. Comparison o f  Predicted (Watt-Fereday) and Actual Slag Viscosity 
Curves for Two Texas Lignites 
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